Novos sensores planejados fluorescentes derivados do núcleo 2,1,3-benzotiadiazola foram sintetizados, caracterizados e aplicados como marcadores celulares de imageamento em vivo onde se observou exclusivamente preferência por mitocôndrias em modelos celulares de câncer de mama (MCF-7). A eficiência destes novos marcadores se mostrou muito superior ao corante comercial MitoTracker ® Red. Experimentos celulares e in vitro permitiram uma compreensão mais profunda da relação existente entre a arquitetura molecular planejada dos novos corantes e a seletividade celular observada.
Introduction
The search for more efficient and selective fluorescent cellular probes is a matter of high interest in modern chemical biology. 1 Recently, the main target has been to improve selectivity via the development of fluorescent probes able to selectively stain specific parts of the cellular machinery such as the cell nucleus, lipids, proteins and mitochondria. 2, 3 Among all organelles, mitochondria play crucial role in the cell and as such are directly related to a large number of diseases and intrinsic apoptotic pathways. 4 Since mitochondria can be found in dynamic networks, it is of great importance to develop highly selective fluorescent mitochondrial probes which may allow a better observation of different cellular events involving the highly complex mitochondrial machinery. [5] [6] [7] [8] 2,1,3-Benzothiadiazole derivatives (BTD, Figure 1 ) are widely used in many areas of light technology with several and distinctive applications. [9] [10] [11] The commonly observed efficiency of these fluorophores derived from a direct π-extension of the BTD core renders to this nucleus high interest, normally displaying exceptional features for these fluorescent derivatives. [12] [13] [14] The use of such BTD derivatives for biological applications is relative new. For instance, we used some small molecule-based BTD probes to detect and quantify dsDNA (double-stranded DNA) in solution. 15 A polymeric derivative was also used as a multicolor sensor for DNA detection and quantification. 16 More recently, we and others have independently showed the unique potential of new BTD derivatives to selectively stain cellular organelles using small molecule BTD fluorescent probes and a micellar BTD-containing system, respectively. 17, 18 Based on this promising potential, we have recently reported two novel 2,1,3-benzothiadiazole BTD derivatives containing an excited state intramolecular proton transfer (ESIPT) site with impressive cellular selectivity staining only mitochondria in different cell lines. 19 As a continued effort of our group in the search of new cellular fluorescent probes, we describe herein the synthesis, photophysical, molecular architecture and application of an efficient and selective fluorescent probe based on the BTD core, which stains only mitochondria in MCF-7 cancer cell line during cell-imaging experiments.
Experimental
See Supplementary Information (SI) section for detailed experimental procedures, spectral data and analyses.
CCDC (Cambridge Crystallographic Data Centre) 863580 (BTDPyMe) contains the supplementary crystallographic data for this paper and the cif file can also be obtained from the corresponding author.
Results and Discussion
Synthesis and characterization Scheme 1 shows the routes used to synthesize the novel fluorescent BTD derivatives.
The known compound BTDPy 20 was directly treated with iodomethane at 80 °C affording the new cationic compound BTDPyMe in 18%. BTDPy was also submitted to a straightforward Suzuki coupling protocol using an ionically-tagged catalyst, according to a procedure described elsewhere, 21 affording the fluorescent probe BTDShiny in 99% after purification.
BTDPyMe, fortunately, upon recrystallization with acetone:benzene mixtures, formed well-ordered crystals, allowing X-ray diffraction characterization (from single crystal) of the novel compound ( Figure 2 , Table 1 , also see Figure S1 and Table S1 in the SI section).
BTBShiny displayed the property of atropisomerism at room temperature (20-30 °C), which was confirmed by NMR. The two sets of signals assigned for the O-CH 3 coalesced at 70 °C, pointing to the existence of atropisomers (Figures 3 and 4) . Using the methodology previously described by Shanan-Atidi and Bar-Eli, the interconversion barrier energy connecting these two atropisomers was determined (Figure 3 ). See SI section (Table S2 and Figure S4 ) to access all data used for the determination.
The values of the free energies of activation (∆G ǂ ) of each isomer were obtained using Eyring's equations (equations 1a and 1b) as following:
In the equations, k B (3.299 × 10 -27 mol kcal K -1 ), h (1.584 × 10 -37 kcal s) and R (1.986 × 10 -3 kcal mol -1 ) are the Boltzmann, Planck and the universal ideal gas constants, respectively. dν (Hz) is the difference between the signals of the conformers during the slow exchange process, T C is the coalescence temperature, ∆P is the difference between the molar fractions of the species and X is a parameter iteratively obtained through the following expression (equation 2): (2) At room temperature, a proportion of 0.8:0.2 (anti:syn; ∆P = 0.6) was determined for the isomers of BTDShiny. Upon temperature increase, the population of syn isomers increases. At 70 °C, the signals coalesced, indicating free rotation of both substituents. The determined Limiting indices
Goodness-of-fit (F 2 ) 1.071 ).
Neto et al. 
Spectrophotometric and spectrofluorimetric analyses
Spectrophotometric and spectrofluorimetric analyses were carried out in different solvents, and Table 2 summarizes the results.
All compounds showed efficient π-π* transitions and log ε values ranging from 3.57-3.77 (BTDPy), 4.10-4.18 (BTDPyMe) and 4.03-4.38 (BTDShiny). UV-Vis analyses gave interesting results ( Figure 5 ). Note that the salt formation in BTDPyMe resulted in a great torsion angle considering the quaternized pyridyl and BTD groups, thus, blue shifting of the absorption maxima (337-353 nm) when compared with BTDPy (359-369 nm) due to a π-conjugation decrease. The π-extension from BTDPy to form the novel dye BTDShiny showed the opposite behavior (red shift), as expected, and the absorption maxima values were observed ranging from 403 to 412 nm.
Fluorescence emissions were studied in several solvents ( Figure 6 ). All tested compounds also showed large Stokes shifts ranging from 78-104 nm (BTDPy), 101-120 nm (BTDPyMe) and 102-159 nm (BTDShiny). These large values indicate the high stability of the novel dyes in the excited state in all tested solvents. As expected, the large π-extension of BTDShiny allowed the emission at higher wavelength values when compared with BTDPy and BTDPyMe and a much more intense fluorescence under the same analysis conditions. Moreover, the quantum yield of fluorescence of BTDShiny (0.85) is far larger than BTDPyMe (0.05) and BTDPy (0.48), therefore showing an outstanding efficiency of the fluorescent decay pathway from the excited state of BTDShiny.
Based on the data from Table 2 (Stokes shifts) and with the already described E T N values (solvent polarity function) 23 for a plethora of solvents (with different polarities), 24 the Lippert-Mataga 25 plot was constructed ( Figure 7) . The relationship between the Stokes shift and the solvent polarity can therefore be evaluated as well as its influence on the emission spectra of the tested luminophores, which are related to the efficiency of the solvatochromic effect. 26 In other words, the Lippert-Mataga equation evaluates the Stokes shift in terms of the change in dipole moment of the fluorophore on photoexcitation. [27] [28] [29] A good linearity is observed for all fluorophores (R 2 > 0.80 for all dyes) in different media, indicating high stability of the molecules independently of the solvent, which is a characteristic generally found for 4,7-π-extended BTD derivatives. 
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Theoretical calculations
In the first step of calculations, conformational analyses of all compounds (BTDPyMe, BTDPy and BTDShiny) were performed to determine the most stable conformers. Potential energy curves (PECs) were obtained performing a relaxed scan of dihedral angles (BTD ring and substituents) at B3LYP/6-31G(d) level. After obtaining the relaxed PEC scan, the located energy minima for ground state (S 0 ) of BTDPy and BTDPyMe structures were also fully optimized in solution using the Beck three-parameter hybrid exchange-correlation functional (B3LYP) in combination with 6-311+G(2d,p)/LANL2DZ basis set (i.e., LANL2DZ pseudo potential for Br and the 6-311+G(2d,p) split-valence basis set for all other atoms). In the meantime, BTDShiny was fully optimized with the second-order Møller-Plesset perturbation theory (MP2) using the 6-31G(d) basis set without any symmetry constraint. All first excited state (S 1 ) structures were optimized at TD-B3LYP/6-311+G(2d,p)/LANL2DZ level of calculation. The optimized geometries of S 0 and S 1 were used for the single point TD-DFT calculation using the Perdew-Burke-Erzenrhof exchange-correlation functional (PBE1PBE) in combination with 6-311+G(2d,p)/LANL2DZ Vol. 23, No. 4, 2012 basis set. Absorption spectra are in close agreement with experimental data and have been obtained using the TD-PBE1PBE/6-311+G(2d,p) level. 33 Table 3 and Figures 8 and 9 summarize theoretical calculated data obtained for the new dyes.
All calculations were performed considering the solvent effect (water) as a prelude to future cellular experiments. Figures 8 and 9 show the optimized geometries of the three dyes (BTDPy, BTDPyMe and BTDShiny) and the electronic map in both the ground and excited states for all fluorophores. HOMO and LUMO displayed typical behavior for such molecules in the ground and excited states. The LUMO electronic map is normally seen in the BTD nuclei, whereas HOMO is distributed in the substituents, mostly in PhOMe rings.
A very important feature is depicted in Figures 8 and 9 . It is seen that in the excited state, the pyridine substituent becomes coplanar with the BTD ring for BTDPy and BTDShiny, most probably with two intramolecular new hydrogen bonds. These structural arrangements allow better stabilization in the excited state; yet sustaining a higher level of planarity. For BTDShiny, an intramolecular distance of 2.15 Å (BTD nitrogen and C-H of the pyridine ring) and 2.32 Å (Py nitrogen and C-H of the BTD moiety) are calculated with very similar distances for BTDPy, that are 2.15 and 2.31 Å, respectively. For BTDPyMe, however, the steric hindrance caused by the methyl group avoids the coplanarity between the BTD ring and the pyridinium substituent. Thus, in the excited state, there is still a large torsion angle between both rings ( Table 3) . As a consequence, the fluorescence intensity was very low, as experimentally observed.
Of great importance is the BTDShiny behavior in the excited state ( Figure 9 ). Both isomers (syn and anti atropisomers) showed the same optimized geometries (also the HOMO and LUMO electronic maps) in the excited state, meaning that both structures convert to the same situation under light irradiation. Moreover, the excited structure is the same for both atropisomers, in this way, this similarity seems to explain only one observed emission (Table 2) since the fluorescence process takes place from the very same excited structure. As noted, the optimized geometries are the same, independently if it is arriving from syn or anti atropisomer. Therefore, the intramolecular hydrogen bond distances are those described before (2.15 and 2.32 Å).
Cell-imaging experiments and molecular architecture
We have very recently shown that monosubstituted BTD derivatives, which undergo excited state intramolecular proton transfer (ESIPT), are capable of selecting only mitochondria inside different mammalian cell models. 19 In that case, however, the ESIPT process stabilizes the molecules in the excited state and favors the fluorescence intensity. In the current case, two of the three derivatives are monosubstituted (BTDPy and BTDPyMe) and the π-extended rings are twisted from the BTD plane. Thus, a situation in which the fluorescence intensity is not favored and the system has an extra energetic expenditure attempting to bring the pyridyl ring to the same plane of the BTD moiety. Despite this pessimistic prognosis, we decided to test both systems in cell-imaging experiments (Figure 10 ) against MCF-7 cancer cell lines (breast cancer cells). Vol. 23, No. 4, 2012 Fortunately, BTDPy is found to selectively stain mitochondria in cell-imaging experiments. But despite its high selectivity, the fluorescence signal was less intense than expected for an effective dye. It is noteworthy, however, that no fluorescence signal at all was observed for other cell organelles, including the nuclei, which could be further stained with commercially available DAPI (a blue staining).
The cellular text carried out with BTDPyMe showed worse results regarding the fluorescence intensity. Nevertheless, again, only mitochondria were selectively stained, indicating the efficient of these molecules to a specific organelle inside the highly complex and chemically diverse cell. BTDPy was converted to BTDPyMe because it is well known that positively charged fluorescent dyes commonly display pronounced affinity for dsDNA normally. This is due to an enhanced Coulombic interaction between the positive charge from the fluorophore and the phosphate backbone of the biomolecule. 34, 35 This enhanced interaction usually results in a "light up" effect as a consequence of a molecular motion decrease. Unfortunately, this effect was not observed for BTDPyMe inside the cell most probably due to a very low affinity for dsDNA.
To be sure about the very low affinity of BTD derivatives with dsDNA, all dyes were assayed by both spectrophotometric and spectrofluorimetric titrations ( Figure 11 ) against dsDNA (calf thymus).
The binding with the biomolecule should result in a different spectrum during the titrations, commonly observed through the formation of isosbestic point(s). The use of dilute solutions of the dyes (necessary for this kind of experiment) failed to reveal significant changes in the spectra, clearly showing that the three tested molecules have no significant interaction with dsDNA. BTDShiny showed only a weak interaction, as noticed in the spectrofluorimetric titrations. However, it is far worse than the fluorophores described for dsDNA detection and quantification, which normally can show a 1000-fold increase in the fluorescence intensity upon interaction. [36] [37] [38] Despite the results from cell-imaging and titrations, the experiments are apparently frustrating, they clearly opened up new possibilities towards a rational design with BTD derivatives. If it is true, the first π-extension is responsible for the mitochondrial selection. Then, it is more than reasonable to envisage that the second π-extension would result in a "light up" effect due to a large π-extension of conjugation and the possibility of intramolecular chargetransfer (ICT) process, thus increasing the fluorescence intensity and "illuminate" the selected organelle. With this idea in mind, BTDShiny was synthesized through a direct Suzuki coupling from BTDPy, as shown before (Scheme 1). The second substituent chosen was 4-MeOPh because this group allows an efficient ICT when directly attached to the BTD moiety, as proven before. 39, 40 To verify this hypothesis, BTDShiny was submitted to cell-imaging experiments against MCF-7 cancer cell lines (breast cancer cells) and compared with the commercially available MitoTracker ® Red (Figure 12 ). Very fortunately, the efficiency of BTDShiny to stain only mitochondria in the cells was outstanding. The use of BTDShiny is also quite advantageous in comparison with MitoTracker ® Red, which is highly unstable, and as so must be stored frozen (−20 °C). Moreover, the manufacture states that freezing and thawing are not options due to the high instability of this commercial marker. On the contrary, the new dye herein described (BTDShiny) is highly stable and can be stored at room temperature as a pure solid or in solution (readily available to use).
Finally, BTDShiny was tested to monitor a key cellular process (cell division cycle) to verify the possibility of studying other complex processes in which mitochondria are involved ( Figure 13 ).
As Figure 13 shows, the cell division cycle of the MCF-7 cancer cells is clearly visualized using a combination of DAPI and the novel mitochondria marker (BTDShiny), thus allowing future studies of cancer cell death and their processes that are highly associated with mitochondrial stability. Cell death studies are crucial for in vitro and in vivo anticancer screening tests of drug candidates. Furthermore, the use of BTDShiny also allowed the observation of mitochondrial behavior and distribution during the cell cycle (mitosis). Since there was no interaction between the new fluorophores and dsDNA, it seems reasonable to suggest that the staining occurs in the intermembrane space rather than the mitochondrial matrix, where the dsDNA is located in the mitochondrion structure.
Scheme 2 proposes a molecular architecture that explains the selectivity of BTDShiny for mitochondria.
The first π-extension is, therefore, responsible for staining only mitochondria inside the cells, despite its low fluorescence intensity. The second π-extension, however, greatly increases the fluorescence intensity and allows a stabilizing ICT process. Based on this molecular architecture, two substitutions are necessary in the di-brominated BTD intermediate in order to form outstanding mitochondrial markers. 
Conclusions
The syntheses and application of rationally designed BTD derivatives based on a unique molecular architecture have been described. The photophysical properties of these new markers were investigated showing high stability of these molecules in the ground and excited states. Theoretical calculations were found to be in accordance with the expected stability of these compounds allowing better understanding of the behavior of such compounds in the excited state. Of all tested dyes, BTDShiny showed outstanding efficiency and selectivity for mitochondrial staining. A systematic study indicated that the first π-extension was responsible for that mitochondrial selection, whereas the second π-extension promotes the light up effect, thus "illuminating" the selected organelle. A cell division cycle (mitosis) was efficiently monitored by using the novel fluorophore BTDShiny, permitting the observation of the cell division steps and the mitochondrial behavior and distribution. The synthesis and successful application of BTDShiny open up a new and challenging avenue towards more efficient cell markers. The results described herein provided a baseline methodology for cellular process studies with BTD fluorophores while expanding the limits of state-of-the-art for the designing of highly selective cellular markers.
